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The 4-hydroxyacetophenone monooxygenase (HAPMO) from Pseudomonas ﬂuorescens ACB catalyzes
NADPH- and oxygen-dependent Baeyer-Villiger oxidation of 4-hydroxyacetophenone to the corresponding
acetate ester. Using the puriﬁed enzyme from recombinant Escherichia coli, we found that a broad range of
carbonylic compounds that are structurally more or less similar to 4-hydroxyacetophenone are also substrates
for this ﬂavin-containing monooxygenase. On the other hand, several carbonyl compounds that are substrates
for other Baeyer-Villiger monooxygenases (BVMOs) are not converted by HAPMO. In addition to performing
Baeyer-Villiger reactions with aromatic ketones and aldehydes, the enzyme was also able to catalyze sulfoxi-
dation reactions by using aromatic sulﬁdes. Furthermore, several heterocyclic and aliphatic carbonyl com-
pounds were also readily converted by this BVMO. To probe the enantioselectivity of HAPMO, the conversion
of bicyclohept-2-en-6-one and two aryl alkyl sulﬁdes was studied. The monooxygenase preferably converted
(1R,5S)-bicyclohept-2-en-6-one, with an enantiomeric ratio (E) of 20, thus enabling kinetic resolution to obtain
the (1S,5R) enantiomer. Complete conversion of both enantiomers resulted in the accumulation of two
regioisomeric lactones with moderate enantiomeric excess (ee) for the two lactones obtained [77% ee for
(1S,5R)-2 and 34% ee for (1R,5S)-3]. Using methyl 4-tolyl sulﬁde and methylphenyl sulﬁde, we found that
HAPMO is efﬁcient and highly selective in the asymmetric formation of the corresponding (S)-sulfoxides (ee
> 99%). The biocatalytic properties of HAPMO described here show the potential of this enzyme for biotech-
nological applications.
In nature, many oxygenation reactions are carried out by
ﬂavin-dependent monooxygenases (24). The diversity of con-
versions that can be catalyzed is large; the reactions include
Baeyer-Villiger reactions, aromatic hydroxylations, sulfoxida-
tions, amine oxidations, and epoxidations. Many of these con-
versions occur with high enantio- and/or regioselectivity. The
variety of reactivity is also reﬂected in the diverse physiological
processes in which these enzymes play a prominent role, in-
cluding xenobiotic compound metabolism in humans (49), bio-
synthesis of toxins (21), and pollutant degradation by bacteria
(46).
Enantio- and regioselective oxygenations are often difﬁcult
to achieve by chemical means, while these types of reactions
can lead to valuable optically active compounds. Due to their
exquisite regio- and/or enantioselectivity and catalytic efﬁ-
ciency, ﬂavin-dependent monooxygenases are useful biocata-
lysts for the synthesis of a variety of ﬁne chemicals (12, 35, 41,
47). However, so far, only a limited number of ﬂavin-depen-
dent monooxygenase genes have been cloned and overex-
pressed, which has limited the application of these biocatalysts
for synthetic processes.
The Baeyer-Villiger reaction, i.e., the oxidation of ketones
or aldehydes by peroxides resulting in oxygen insertion adja-
cent to the carbonyl group (2), has many applications in or-
ganic chemistry (23). Its biological counterpart has been rec-
ognized in the oxygenation by ﬂavoprotein monooxygenases of
various ketones, including steroids (19), terpenes (32, 45), cy-
clopentanone (16), cyclohexanone (30), cyclododecanone (22),
2-tridecanone (5), and acetophenone derivatives (28, 44). So
far, cyclohexanone monooxygenase (CHMO) is the only
Baeyer-Villiger monooxygenase (BVMO) that has been exten-
sively studied with regard to its catalytic and mechanistic prop-
erties. In the catalytic mechanism of this enzyme, the nucleo-
philic species that attacks the carbonyl group (38) is a
peroxyﬂavin intermediate that is generated by reaction of the
enzyme-bound ﬂavin cofactor with NAD(P)H and oxygen.
CHMO is able to catalyze a wide range of oxidative reactions,
including enantioselective Baeyer-Villiger reactions (40), sul-
foxidations (9), amine oxidations (31), and epoxidations (10).
CHMO has been tested for several biocatalytic applications
(37).
Recently, a BVMO called 4-hydroxyacetophenone monoox-
ygenase (HAPMO) was isolated from Pseudomonas ﬂuorescens
ACB and its gene was cloned (20). This organism uses
HAPMO for growth on 4-hydroxyacetophenone (18). The ﬂa-
vin-dependent monooxygenase was shown to be active on sev-
eral acetophenone derivatives. In this study we examined the
catalytic abilities of HAPMO in further detail. Our results
show that this enzyme has a remarkably broad substrate range
and is capable of enantioselective formation of lactones from
ketones and stereoselective sulfoxidation.
MATERIALS AND METHODS
Chemicals. Acetophenone, 4-hydroxyacetophenone, and 4-hydroxypropiophe-
none were obtained from Sigma. 4-Aminoacetophenone, 3-hydroxyacetophe-
none, methylphenyl sulﬁde, rac-methylphenyl sulfoxide, methyl 4-tolyl sulﬁde,
rac-methyl 4-tolyl sulfoxide, (R)-methyl 4-tolyl sulfoxide, 2-acetylpyridine,
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4193-acetylpyridine, 4-acetylpyridine, acetol (hydroxyacetone), 1-indanone, 4-hy-
droxy 1-indanone, 4-chromanone, progesterone, and dihydrocarvone were ob-
tained from Aldrich, and 2-acetonaphthone was provided by Syncom B.V.,
Groningen, The Netherlands. Butyrophenone, 2-hydroxyacetophenone, and
2-acetylpyrrole were obtained from Acros. 4-Heptanone, 3-chloro-2-butanone,
and 2,4-pentanedione were obtained from Fluka. rac-Bicyclo[3.2.0]hept-2-en-6-
one and 4-hydroxybenzoate were obtained from Merck.
Enzyme expression and puriﬁcation. HAPMO was puriﬁed from Escherichia
coli TOP10 carrying the cloned gene (hapE) from P. ﬂuorescens ACB (20). For
efﬁcient expression the hapE gene was cloned into a pBAD/myc-HisA vector.
Optimal expression was achieved when cells were grown at 25°C with 0.002%
(wt/vol) arabinose.
Enzyme activity measurements. Unless indicated otherwise, all activity mea-
surements were performed in air-saturated 50 mM potassium phosphate buffer
(pH 7.5). Enzyme concentrations were determined spectrophotometrically by
using a molar extinction coefﬁcient of 12.4 mM
1 cm
1 at 440 nm for protein-
bound ﬂavin adenine dinucleotide (20). Enzyme activities were determined spec-
trophotometrically at 30°C by monitoring the decrease in absorbance at 370 nm
due to NADPH oxidation (ε 370 2.7 mM
1 cm
1). This wavelength was chosen
since 4-hydroxyacetophenone displays signiﬁcant absorbance at 340 nm, the max
of NADPH. The standard assay mixture (1 ml) contained 250 M NADPH and
1 mM substrate. Stock solutions of substrates (1 M) with poor solubility in water
were made in dimethyl sulfoxide or dimethyl formamide.
Steady-state kinetic parameters of the different substrates were determined by
using 8 to 10 substrate concentrations ranging from 0 to 10 times the Km, with a
maximum of 20 mM. Data were ﬁtted by using the Michaelis-Menten equation
in Origin 6.0 (Microcal Software, Inc.). When low Km values were observed (with
4-aminoacetophenone, 4-hydroxyacetophenone, and 4-hydroxypropiophenone),
apparent kinetic parameters were obtained from progress curves. To do this, the
decrease in absorbance at 370 nm was monitored throughout the conversion of
the limiting aromatic substrate while excess amounts of the nonlimiting reagents
(NADPH and oxygen) were present.
Formation of hydrogen peroxide due to nonproductive NADPH oxidation was
measured indirectly by measuring oxygen concentrations. After completion of a
HAPMO-catalyzed conversion in air-saturated buffer, as shown by depletion of
oxygen, a catalytic amount of catalase (50 U) was added, which converted any
hydrogen peroxide formed into water and oxygen. Oxygen consumption and
formation were monitored in a 1-ml stainless steel stirred vessel by using an
optical MOPS-1 oxygen sensor (Comte, Hannover, Germany). By using this
method hydrogen peroxide concentrations higher than 25 M, corresponding to
a detection limit of 10% uncoupling, could be measured.
Product identiﬁcation. For gas chromatography (GC)-mass spectrometry anal-
ysis, samples (typically 0.2 or 0.4 ml) were extracted with an equal volume of ethyl
acetate containing dodecane or hexadecane as an internal standard. The extracts
were dried over anhydrous magnesium sulfate. The analysis was performed with
a Hewlett-Packard HP5890 gas chromatograph equipped with an HP-5 column
and an HP5971 mass spectrometer. The products formed when 4-hydroxyaceto-
phenone, acetophenone, 2-hydroxyacetophenone, 2-acetylpyrrole, and 2-acetyl-
furan were the substrates were identiﬁed as the corresponding acetate esters.
Products formed upon conversion of 4-hydroxybenzaldehyde were identiﬁed
by nuclear magnetic resonance (NMR). To do this, a mixture containing 5 mM
4-hydroxybenzaldehyde, 5 mM NADPH, and 0.53 M enzyme was incubated in
O2-saturated phosphate buffer (in D2O). NMR spectra were obtained with a
Varian VXR 300 instrument. Substrate and product peaks could be assigned
from spectra of the reference compounds, as follows: 4-hydroxybenzaldehyde
1H
NMR (D2O)  6.99 (d, J  8.8 Hz, 2 H), 7.90 (d, J  8.8 Hz, 2 H), 9.74 (s, 1 H);
hydroquinone
1H NMR (D2O)  6.82 (s, 4 H); 4-hydroxybenzoate
1H NMR
(D2O)  6.91 (d, J  8.4 Hz, 2 H), 7.81 (d, J  8.4 Hz, 2 H).
To determine the enantioselectivity of HAPMO with bicyclo[3.2.0]hept-2-en-
6-one, the racemic substrate at a concentration of 5 mM was incubated under air
with continuous stirring at 25°C with 7 mM NADPH and 1 M HAPMO.
Samples were extracted with an equal volume of ethyl acetate containing dode-
cane as an internal standard, and extracts were analyzed by chiral GC by using a
Hewlett-Packard HP6890 gas chromatograph equipped with a ChromPack CP-
cyclodextrin--2,3,6-M-19 column. Products were identiﬁed by comparing reten-
tion times and elution orders with retention times and elution orders described
previously (48). The retention times (tr) were as follows: (1R,5S)-1, 5.41 min;
(1S,5R)-1, 5.10 min; (1R,5S)-2, 12.62 min; (1S,5R)-2, 13.05 min; (1R,5S)-3, 12.36
min; and (1S,5R)-3, 12.85 min.
To monitor the asymmetric sulfoxidation of methyl 4-tolyl sulﬁde, the reaction
mixture (1 ml) contained 5 mM methyl 4-tolyl sulﬁde, 2 mM NADPH, and 0.1
M HAPMO. After 30 min of incubation the mixture was extracted with diethyl
ether and dried over anhydrous sodium sulfate. Samples were injected into a
Chiraldesc G-TA column (30 m by 0.25 mm). The temperature gradient was as
follows: increase from 150 to 170°C at a rate of 10°C min
1; 13 min at 170°C; and
decrease from 170 to 150°C at a rate of 10°C min
1. The retention times for the
remaining substrate and the (R)- and (S)-sulfoxide isomers formed were 3.2,
10.5, and 11.0 min, respectively.
To determine the enantioselectivity of HAPMO with methylphenyl sulﬁde, a
high-performance liquid chromatography (HPLC) method was employed. To do
this, the reaction mixture (1 ml) contained 1 mM methylphenyl sulﬁd e ,1m M
NADPH, and 0.1 M HAPMO. After 30 min of incubation at room tempera-
ture, the mixture was extracted with 1.5 ml of diethyl ether. The enantiomeric
excess was determined by chiral HPLC analysis by using a Chiralcel OD column.
The elution order of the (R)- and (S)-methylphenyl sulfoxides formed [tr(R) 
11.7 min; tr(S)  14.2 min] was adapted from Brunel et al. (6).
The enantiomeric ratios (E values) for kinetic resolution of substrates were
calculated as follows: E  ln[(1  c)(1  eeS)]/ln[(1  c)(1  eeS)], where c is
the extent of conversion calculated from c  1  [substrate]/[substratet  0] and
eeS is the enantiomeric excess of the substrate calculated from eeS  ([sR] 
[sS])/([sR]  [sS]). The formulas were obtained from reference 42.
RESULTS AND DISCUSSION
Optimization of the expression system. To improve the level
of expression of HAPMO in E. coli, the hapE gene was cloned
into a pBAD vector under control of the PBAD promoter.
Expression was induced by adding arabinose to the media. As
with the previous construct with a pET5-a vector, production
of soluble and active enzyme was observed only when the cells
were grown at temperatures below 30°C. Therefore, the cells
were routinely cultivated at 25°C. Expression was most efﬁcient
when 0.002% (wt/vol) arabinose was used. Lower concentra-
tions decreased the level of expression, while higher concen-
trations decreased the yield of biomass. When the optimized
conditions were used, the cellular levels of HAPMO typically
accounted for 30% of the total protein in a cell extract. En-
zyme could be puriﬁed to homogeneity in a two-step procedure
as described previously, which yielded fully ﬂavinylated and
active enzyme (20).
HAPMO displays broad substrate speciﬁcity. In the absence
of a suitable substrate, HAPMO displays weak NADPH oxi-
dase activity with a maximal turnover rate of 0.11 s
1 (20). A
similar low rate of nonproductive oxidation of NADPH has
been found for CHMO (34). However, when both NADPH
and a suitable ketone substrate were present, no formation of
hydrogen peroxide was detected (Table 1). This indicates that
nonproductive oxidation of NADPH does not play a signiﬁcant
role during catalysis. The direct coupling of substrate conver-
sion with NADPH consumption prevents nonproductive oxi-
dation of NADPH. This coupling has also been observed with
other ﬂavin-dependent monooxygenases (13, 43).
To explore the catalytic capacity of HAPMO, we tested a
range of potential substrates. The enzyme activity with all
compounds was assayed by measuring consumption of
NADPH. The turnover rates for all substrates identiﬁed were
well above the rate of nonproductive NADPH oxidation. The
compounds that were shown to be converted could be grouped
into three classes: (i) aromatic compounds resembling the
physiological substrate, (ii) heteroaromatic compounds, and
(iii) aliphatic compounds (Table 1). The compounds that did
not show signiﬁcant activity (	0.1 mol of NADPH/min/mg of
protein) at a concentration of 1.0 mM were 2-nitroacetophe-
none, 4-nitroacetophenone, benzophenone, benzoin, 2-acet-
onaphthone, 3-acetylpyridine, benzoic acid, methyl 4-hydroxy-
benzoate, benzamide, N,N-dimethylaniline, phenylacetone,
420 KAMERBEEK ET AL. APPL.E NVIRON.M ICROBIOL.1-indanone, 4-hydroxy-1-indanone, 1,3-indanone, 4-chro-
manone, cyclopentanone, cyclohexanone, progesterone, dihy-
drocarvone, acetone, butanone, and 4-heptanone.
Conversion of aromatic substrates. It was found that the
enzyme was quite relaxed in converting acetophenone deriva-
tives. Both substitutions on the phenyl ring and modiﬁcations
of the aceto function were accepted. However, depending on
the nature and the position of the substituents, these substrate
modiﬁcations could have effects on both Km and kcat values
(Table 1). Conversion of aromatic ketones into the corre-
sponding esters by an isoenzyme of HAPMO was reported
previously by Tanner and Hopper (44). Our data only allow
comparison of the Km values for acetophenone, 4-hydroxyace-
tophenone, and 4-hydroxypropiophenone, which are in the
same range as the values obtained for HAPMO.
If Km is used as a parameter for substrate afﬁnity, substitu-
TABLE 1. Steady-state kinetic parameters for HAPMO
Substrate Structure Km (M) kcat (s
1) kcat/Km (10
3 s
1  M
1)
Aromatic compounds
4-Hydroxyacetophenone
b,d 9.2 (0.5)
c 12.6 (0.8) 1,400
4-Hydroxypropiophenone
a,b 2.4 (0.2) 11.9 (1.2) 5,000
4-Hydroxybenzaldehyde
a 100 (20) 7.6 (0.3) 75
4-Aminoacetophenone
b 0.82 (0.1) 12.7 (0.7) 15,000
4-Fluoroacetophenone
a 1,000 (300) 0.60 (0.1) 0.60
4-Methylacetophenone
a 160 (40) 6.3 (0.5) 39
4-Methoxyacetophenone
a 540 (120) 1.7 (0.2) 3.1
2-Hydroxyacetophenone 610 (120) 6.7 (0.3) 20
3-Hydroxyacetophenone 1,400 (200) 4.8 (0.3) 3.4
Benzaldehyde
d 1,600 (200) 2.2 (0.2) 1.4
Acetophenone
d 2,300 (900) 13.2 (1.7) 5.7
Propiophenone 530 (100) 11.0 (0.2) 21
Butyrophenone 2,000 (700) 1.2 (0.3) 0.60
Isobutyrophenone 540 (40) 2.5 (0.1) 4.6
Methylphenyl sulﬁde 1,400 (400) 4.7 (0.6) 3.4
Methyl 4-tolyl sulﬁde
d 370 (50) 7.3 (0.6) 20
Heteroaromatic compounds
2-Acetylpyridine 1,200 (90) 7.8 (0.2) 6.5
4-Acetylpyridine 1,900 (100) 0.5 (0.2) 0.3
2-Acetylpyrrole 330 (20) 9.4 (0.14) 28
2-Pyrrole carboxaldehyde
d 410 (30) 8.6 (0.2) 21
Continued on following page
VOL. 69, 2003 SUBSTRATE SPECIFICITY OF HAPMO 421ents at the para position of acetophenone derivatives appear to
be critical for substrate recognition. A hydroxy or amino sub-
stituent at this position results in relatively low Km values,
whereas hydrophobic or bulky substituents decrease the afﬁn-
ity. The presence of a nitro substituent at the para position
prevents activity, as 4-nitroacetophenone is not converted by
HAPMO. 2-Hydroxyacetophenone and 3-hydroxyacetophe-
none display similar kinetic parameters when they are com-
pared with acetophenone, indicating that substitutions at the
meta and ortho positions do not result in signiﬁcant effects on
the kinetic parameters. Except for low activity with 4-ﬂuoro-
acetophenone, the kcat values for all the acetophenone deriv-
atives tested are in the same range (1.7 to 13.2 s
1), indicating
that substitutions on the ring do not signiﬁcantly inﬂuence the
maximal turnover rate. As a consequence, the catalytic efﬁ-
ciency (kcat/Km) for most acetophenones is determined mainly
by the Km.
Modiﬁcation of the aceto function inﬂuences both the afﬁn-
ity and the rate of catalysis. Whereas benzaldehyde displays a
lower kcat than acetophenone and a similar Km, an additional
methyl group (propiophenone) results in increased afﬁnity but
a similar kcat. More bulky substituents (butyrophenone, isobu-
tyrophenone) result in decreased kcat values, suggesting that a
propionyl function is optimal for catalysis.
The kinetic behavior of HAPMO with its physiological sub-
strate, 4-hydroxyacetophenone, is signiﬁcantly affected by pH.
In the pH range from 7 to 9, a strong increase in the apparent
Km was observed, whereas the apparent kcat appeared to be
hardly affected (Table 2). The effect on the Km appears to be
related to the (de)protonation of the para-hydroxyl group of
the substrate (pKa  7.99 [39]). This was conﬁrmed by the
ﬁnding that the kinetic parameters for the analogous com-
pound 4-aminoacetophenone, which remains neutral in the pH
range tested (pKa  2.75), do not display pH dependency
(Table 2). The latter compound is converted with a similar kcat
and, on the basis of the kcat/Km ratio, is an even better sub-
strate for HAPMO than 4-hydroxyacetophenone. The ob-
served values may be accounted for by the assumption that the
deprotonated form of 4-hydroxyacetophenone has less afﬁnity
for the active site, while the protonated form has an apparent
Km of about 6 M.
As HAPMO readily converted 4-hydroxybenzaldehyde, we
determined the products formed upon conversion of this alde-
hyde. For CHMO it has been shown that aromatic aldehydes
are converted to the corresponding esters and acids, implying
that carbon migration and hydrogen migration, respectively,
occur (4). To test the regioselectivity of oxygenation by
HAPMO, we determined the formation of the ester and/or the
acid upon conversion of 4-hydroxybenzaldehyde by using
1H
NMR. During conversion of the aromatic aldehyde, formation
of the corresponding 4-hydroxyphenol formate ester was ob-
served (doublets at 7.1 and 7.3 ppm). No formation of 4-hy-
droxybenzoate was detected. In addition to formation of the
ester, formation of hydroquinone was also observed. This in-
dicates that the ester formed was readily hydrolyzed to hydro-
quinone. In line with this, prolonged incubation of the reaction
mixture resulted in the formation of only one product, hydro-
quinone. Thus, during oxygenation of 4-hydroxybenzaldehyde,
HAPMO exclusively directs the aromatic ring to migrate, re-
sulting in a typical Baeyer-Villiger reaction.
HAPMO catalyzes enantioselective sulfoxidations. In addi-
tion to converting ketones and aldehydes, BVMOs are also
known to catalyze sulfoxidation reactions. In fact, CHMO has
been extensively studied as a biocatalyst for enantioselective
TABLE 2. Inﬂuence of pH on the steady-state kinetic parameters
of HAPMO for 4-hydroxyacetophenone and 4-aminoacetophenone
pH
4-Hydroxyacetophenone 4-Aminoacetophenone
Km (M) kcat (s
1) Km (M) kcat (s
1)
7.0 5.1 10.4 0.87 11.0
8.0 12 12.8 0.82 12.7
9.0 70 14.5 0.99 11.1
TABLE 1—Continued
Substrate Structure Km (M) kcat (s
1) kcat/Km (10
3 s
1  M
1)
Aliphatic compounds
Acetylcyclohexane 4,800 (900) 3.9 (0.3) 0.81
Cyclohexane carboxaldehyde
d 3,000 (500) 5.0 (0.4) 1.7
Hydroxyacetone (acetol) 29,000 (3,000) 4.1 (0.3) 0.14
3-Chloro-2-butanone 23,000 (4,000) 7.4 (1.0) 0.32
2,4-Pentanedione 4,900 (900) 2.1 (0.5) 0.43
rac-Bicyclo[3.2.0]hept-2-en-6-one 3,300 (300) 6.7 (0.3) 2.0
a The values for these compounds were obtained from reference 20 and were determined at pH 8.0. All other values were determined at pH 7.5.
b There are data for these compounds in reference 20, but values were determined again by progress curve analysis at pH 7.5 (see Materials and Methods).
c The values in parentheses are standard errors.
d These substrates were checked for hydrogen peroxide generation.
422 KAMERBEEK ET AL. APPL.E NVIRON.M ICROBIOL.sulfoxidations of a variety of sulﬁdes (7, 11), which is important
since enantiomerically pure sulfoxides are valuable building
blocks for the pharmaceutical industry (8). We tested the en-
antioselectivity of HAPMO towards two alkyl aryl sulﬁdes,
methylphenyl sulﬁde and methyl 4-tolyl sulﬁde. Both sulﬁdes
were converted at reasonable rates (kcat 4.7 and 7.3 s
1),
while the Km values were relatively high (1.4 and 0.37 mM).
However, when these kinetic parameters of the sulﬁdes were
compared with those of the carbonylic counterparts (acetophe-
none and 4-methylacetophenone, respectively), we concluded
that the enzyme does not show preference towards sulﬁdes or
Baeyer-Villiger substrates as the kinetic parameters were very
similar.
Product analysis with chiral GC revealed that methyl 4-tolyl
sulﬁde was oxidized to the (S)-oxide with a high ee (
99%). No
formation of (R)-oxide was observed (Fig. 1). CHMO also has
a preference for the (S)-oxide to be formed (7). However,
while with CHMO an ee of only 37% is observed, HAPMO is
highly enantioselective. Oxidation of methylphenyl sulﬁde by
HAPMO also leads to formation of the (S)-sulfoxide, again
displaying outstanding enantioselectivity (ee, 
99%). Interest-
ingly, oxidation of methylphenyl sulﬁde by CHMO was shown
to lead to formation of the opposite (R) enantiomer, with an ee
of 99% (7). This difference in enantioselectivity was not ob-
served for HAPMO.
Conversion of heteroaromatic compounds. In addition to
aromatic compounds, some heteroaromatic compounds were
tested as substrates. To our knowledge, such compounds have
not been identiﬁed before as BVMO substrates. Most het-
eroaromatic compounds tested were efﬁciently converted, in-
dicating that HAPMO is active not only with benzylic com-
pounds (Table 1). The kinetic parameters of these substrates
were in the same range as the values obtained for acetophe-
none derivatives. Of the two ring systems tested, the pyrrole
ring is preferred over pyridine. Furthermore, it is interesting
that while 2-acetyl- and 4-acetylpyridines are converted,
3-acetylpyridine is not a substrate for HAPMO. Product anal-
ysis by GC-mass spectrometry revealed that 2-acetylpyrrole
was converted to the ester, indicating that the regioselectivity is
similar to that of the acetophenone derivatives.
Conversion of aliphatic compounds. In addition to the com-
pounds mentioned above, we found that HAPMO is also able
to convert aliphatic compounds, such as acetylcyclohexane,
cyclohexane carboxyaldehyde, and 2,4-pentanedione. Steady-
state kinetic analysis with these substrates showed that catalysis
was not very efﬁcient. This was mainly due to the relatively high
Km values (1 to 30 mM). For most of these substrates, conver-
sion by a BVMO has not been reported previously, and thus
our ﬁndings complement the biocatalytic potential of BVMOs.
Several other aliphatic ketones have been shown to be sub-
strates for other microbial BVMOs; these compounds include
acetol (17), cyclohexanone (29), cyclopentanone (16), proges-
terone (19, 26), and dihydrocarvone (45). Of these compounds,
only acetol was converted by HAPMO. However, the Km for
this relatively small substrate was found to be exceptionally
high, which resulted in low catalytic efﬁciency. All other ke-
tones tested were not converted by HAPMO, indicating that
different BVMOs have evolved to act on speciﬁc types of
ketones.
Enantioselective conversion of bicyclohept-2-en-6-one. En-
antioselective conversions of various bicyclic ketones have
been studied with CHMO (33). In these conversions enantio-
selectivity and regioselectivity are intertwined, as oxygen inser-
tion may occur on either side of the carbonyl group. For
example, with bicyclohept-2-en-6-one (Fig. 2), CHMO displays
enantiodivergent conversion, which yields both 2-oxabicyclo
[3.3.0]oct-6-en-3-one (1S,5R)-2 from (1R,5R)-1 and
3-oxabicyclo[3.3.0]oct-6-en-2-one (1R,5S)-3 from (1S,5R)-1,
each with an ee of 
95% (1, 48). These chiral lactones are
valuable building blocks for the chemical synthesis of prosta-
glandins (3). HAPMO is also able to convert the bicyclic ke-
tone (Table 1). HAPMO displays a signiﬁcant preference for
FIG. 1. Enantioselective oxidation of methyl 4-tolyl sulﬁde by
HAPMO. (A) Gas chromatogram of the two isomeric sulfoxide prod-
ucts [tr(R)  10.5 min and tr(S)  11.0 min]. The retention times of the
(R) and (S) enantiomers were assigned by analyzing a sample contain-
ing only (R)-methyl 4-tolyl sulfoxide. (B) Chromatogram after reaction
of HAPMO with the substrate for 30 min.
VOL. 69, 2003 SUBSTRATE SPECIFICITY OF HAPMO 423the (1R,5S) enantiomer, as reﬂected in an E value of about 20
(Fig. 2). In contrast to the results obtained with CHMO, the
conversion of this enantiomer by HAPMO proceeds with
hardly any regioselectivity, as reﬂected by the formation of the
two possible lactone products, (1S,5R)-2 and (1S,5R)-3,i na l -
most equal amounts. Even though much more regioselectivity
is encountered in the conversion of the other enantiomer, the
ee values of the product mixture resulting from complete con-
version are too low to be of practical signiﬁcance, viz., 77% for
(1S,5R)-2 and 34% for (1R,5S)-3. Nonetheless, HAPMO may
be suitable for kinetic resolution of 1 to isolate the (1S,5R)
enantiomer, with concomitant formation of (1S,5R)-2 and
(1S,5R)-3 in fair enantiomeric excess.
HAPMO can catalyze a broad range of oxygenation reac-
tions. When the kinetic parameters of all the substrates are
compared, it is apparent that the observed kcat values are
within a limited range (typically 1 to 10 s
1). This indicates that
the chemical reactivities of the different substrates have only
marginal effects on the rate of catalysis. In contrast to the
rather invariable kcat values, the Km values are more sensitive
FIG. 2. (A) Time course of HAPMO-catalyzed oxidation of racemic bicyclo[3.2.0]hept-2-en-6-one (1) to 2-oxabicyclo[3.3.0]oct-6-en-3-one (2)
and 3-oxabicyclo[3.3.0]oct-6-en-2-one (3). The reaction was performed at 25°C, and samples were extracted with ethyl acetate and analyzed by GC
with a chiral column. (B) Structures of bicyclo[3.2.0]hept-2-en-6-one isomers and lactones formed by HAPMO activity.
424 KAMERBEEK ET AL. APPL.E NVIRON.M ICROBIOL.to substrate modiﬁcation. The Km values range from 0.82 M
to 29 mM. The variability observed for the Km values suggests
that although the enzyme is able to accommodate a wide range
of different molecules, the substrate speciﬁcity is strongly dic-
tated by the architecture of the active site. When the Km values
for different types of substrates are compared, it appears that
a suitable substrate for HAPMO must have a certain degree of
hydrophobicity. Also, the pH dependency of the Km for 4-hy-
droxyacetophenone indicates that binding of uncharged aceto-
phenone is preferred. The fact that 4-nitroacetophenone is not
converted by HAPMO is in agreement with this.
Industrial synthesis of a phenol- or catechol-containing com-
pound often requires protection of the hydroxyl group(s) to
prevent oxidation reactions. Ethers are the most widely used
protective groups, but esteriﬁcation is also an important alter-
native (15). Production of acylated phenols and catechols by
using HAPMO, starting from (ring-substituted) aromatic ke-
tones, might provide an attractive biocatalytic alternative for
the synthesis of protected phenols and partially protected cat-
echols (27).
At present, only a small number of ﬂavin-dependent mono-
oxygenases have been produced and successfully used for in-
dustrial purposes. However, recent studies have indicated that
these types of biocatalysts are very valuable synthetic tools (25,
36, 37). Furthermore, a newly recognized BVMO-speciﬁc se-
quence motif has revealed a large number of BVMO genes in
sequenced microbial genomes (14). This indicates that this
speciﬁc class of monooxygenases is a promising source for
novel biocatalysts.
The work described here shows that HAPMO is a new and
attractive novel biocatalyst as it is able to catalyze a large
variety of monooxygenation reactions while exhibiting remark-
able selectivity. With the identiﬁcation of the substrate range
of HAPMO, the scope of reactions that can be catalyzed by a
ﬂavin-dependent monooxygenase is greatly expanded.
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